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ABSTRACT A change in viral hemagglutinin (HA) receptor binding specificity from a2,3- to a2,6-linked sialic acid is necessary
for highly pathogenic avian influenza (AI) virus subtype H5N1 to become pandemic. However, details of the human-adaptive
change in the H5N1 virus remain unknown. Our database search of H5N1 clade 2.2.1 viruses circulating in Egypt identified mul-
tiple HA mutations that had been selected in infected patients. Using reverse genetics, we found that increases in both human
receptor specificity and the HA pH threshold for membrane fusion were necessary to facilitate replication of the virus variants in
human airway epithelia. Furthermore, variants with enhanced replication in human cells had decreased HA stability, apparently
to compensate for the changes in viral receptor specificity and membrane fusion activity. Our findings showed that H5N1 viruses
could rapidly adapt to growth in the human airway microenvironment by altering their HA properties in infected patients and
provided new insights into the human-adaptive mechanisms of Al viruses.

IMPORTANCE  Circulation between bird and human hosts may allow H5N1 viruses to acquire amino acid changes that increase
fitness for human infections. However, human-adaptive changes in H5N1 viruses have not been adequately investigated. In this
study, we found that multiple HA mutations were actually selected in H5N1-infected patients and that H5N1 variants with some
of these HA mutations had increased human-type receptor specificity and increased HA membrane fusion activity, both of which
are advantageous for viral replication in human airway epithelia. Furthermore, HA mutants selected during viral replication in
patients were likely to have less HA stability, apparently as a compensatory mechanism. These results begin to clarify the picture

of the H5N1 human-adaptive mechanism.
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Ithough human infections by avian influenza (AI) viruses of

subtypes H7N9, H6N1, H10N8, and HIN2 (1, 2) have re-
cently drawn attention, the pandemic potential of highly patho-
genic avian influenza virus (HPAIV) subtype H5NI1 remains
alarming and is of increasing concern because of the virus’s com-
plex ecology and diversification in the field (3, 4).

Hemagglutinin (HA), the most abundant surface antigen of
the influenza virion, is a trimeric protein (5). The HA monomer
has a globular head region and a stalk region and has two main
functions. The first HA function is viral attachment to host cells,
which is mediated by specific binding between the receptor bind-
ing domain (RBD) of the HA head region and the cell receptor (6).
Influenza viruses recognize terminal sialic acid (Sia) and galactose
linkage patterns on sialylglycans. Human influenza viruses pref-
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erentially bind to a2,6-linked Sia (2,6 Sia) that is expressed on
human upper airway epithelia, whereas most avian viruses prefer-
entially bind to a sugar chain ending in «2,3-linked Sia (2,3 Sia)
that is expressed on bird intestinal epithelia. This presents an inter-
species barrier that prevents Al viruses from easily infecting humans.
The second HA function is membrane fusion after viral endocytosis,
which is mediated by the fusion domain in the HA stalk region (7).
Membrane fusion is triggered by low endosomal pH, which induces
irreversible conformational changes in HA, leading to insertion of the
HA fusion domain into the endosomal membrane, fusion of the viral
and endosomal membranes, and release of the viral genome into the
cell. Different HA subtypes have a range of pH and temperature sta-
bility phenotypes and, therefore, have different fusion characteristics
and inactivation kinetics (8, 9).
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H5N1 HPAIV has become endemic in birds in some areas,
including China, Vietnam, and Egypt. Continuous circulation has
allowed the H5N1 virus to diverge genetically to form phyloge-
netically and phenotypically distinct clades (designated clades 0 to
9) in different geographic areas. In particular, clade 2.2.1, which is
unique to Egypt, has the most striking features. Clade 2.2.1 viruses
have acquired many human-adaptive mutations that can facilitate
Al virus replication and transmission in mammals (10, 11). Egypt
is now regarded as a hot spot for H5N1 virus evolution with in-
creased bird-to-human transmission efficacy (12). Therefore, in-
vestigation of the human-adaptive mutations that clade 2.2.1 vi-
ruses might acquire in patients should provide valuable data for
risk assessment and control strategies against an H5N1 pandemic.
However, the human-adaptive changes in H5N1 viruses, includ-
ing clade 2.2.1 viruses from patients, have not been fully investi-
gated. To address this, we conducted a comprehensive analysis of
the effects on the viral phenotype of the HA mutations that have
been selected in clade 2.2.1 viruses isolated from Egyptian pa-
tients. These results provide the first broad-spectrum data on HA
characteristics that have been selected in H5N1 viruses in infected
patients and new insight into H5N1 evolution in humans.

RESULTS

Identification of human-adaptive mutations in clade 2.2.1 HAs.
We searched for HA genes with amino acid mutations that pre-
sumably had been selected by viral replication in H5N1-infected
patients via a database search of HA sequences in human and bird
H5NI viruses isolated in Egypt during 2006 to 2010. This yielded
94 human virus HA sequences and 343 bird virus HA sequences
from the National Center for Biotechnology Information Influ-
enza Virus Resource (NCBIIVR). At the time of this investigation,
the 94 human virus and 343 bird virus HA sequences represented
100% and 76%, respectively, of the complete and partial H5N1
virus sequences from Egypt in the NCBI IVR. All the sequences
were from viruses isolated from clinical swabs or samples that had
been passaged no more than three times in eggs and/or cultured
cells (see Table S1 in the supplemental material). Since prelimi-
nary experiments showed that virus variants with in vitro adaptive
mutations that were selected during virus propagation in eggs/
cells did not become dominant in the viral population until after
more than six passages (data not shown), the HA sequences in this
study should represent the original viral population in the infected
hosts.

A consensus HA sequence for the H5N1 viruses in Egypt was
determined by aligning all the Egyptian H5N1 virus HA sequence
data. HA mutations in the 94 human and 343 bird H5N1 virus
strains were identified by comparing the HA sequences in these
strains to the consensus sequence. Based on their prevalences in
the human and bird viruses, the mutations were classified in two
categories: mutations that were only in human virus strains and
mutations with a higher prevalence in human virus strains than in
bird virus strains (Table 1). Of the 21 mutations in the HA glob-
ular head region, 10 were found only in human virus strains and
11 had a higher prevalence in human virus strains than in bird
virus strains. Of these 21 mutations, the N94D (change of N to D
at position 94) mutation was located at the interface of the trim-
eric HA, and the remaining 20 mutations were located on the HA
surface around the RBD. The five mutations in the HA stalk region
were found only in human virus strains. These results were in
agreement with the human-adaptive mutations found using a
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TABLE 1 Prevalences in human and bird viruses of H5N1 HA
mutations identified in a database search

% of strains with

mutation
(no. of strains)®
among:
Category of Mutationin HA' Human  Bird
HA region mutation (H5 numbering)  viruses viruses
Head Only in human H125Y 4.3 (4) 0(0)
viruses VI31M 1.1(1) 0(0)
A134S L1(1)  0(0)
A134V L1(1)  0(0)
K152Q 21(2)  0(0)
N182K L1(1)  0(0)
A184G 21(2)  0(0)
T1951 L1(1)  0(0)
$223N 43(4)  0(0)
S2231 1.1 (1) 0(0)
More prevalentin ~ N94D 15.9 (15) 3.4 (12)
human viruses A127T 2.1(2) 0.9 (3)
than in bird 128A 52.1(49) 22.2(76)
viruses 1151T 52.1(49) 22.2(76)
D154N 30.9 (29) 30.3 (104)
DI154E L1(1)  03(1)
D154G 2.1(2) 14 (5)
T188I 32(3)  23(8)
R189G 1.1 (1) 0.3 (1)
R189S 1.1 (1) 0.9 (3)
Q192H 4.3 (4) 2.0 (7)
More prevalentin  A184E 4.3 (4) 32 (110)
bird viruses A185E 3.2(3) 12 (42)
than in human ~ A185T 3.2(3) 3.2(11)
viruses L1901 1.1 (1) 24.1 (83)
(control)
Stalk Only in human QI15H 2.1(2) 0(0)
viruses K22R 1.1 (1) 0(0)
K28R 21(2)  0(0)
K35R 1.1 (1) 0(0)
KA4SE L1(1)  0(0)

@ There were 94 human virus strains and 343 bird strains in this study.

novel phylogenetic algorithm (13), confirming the identification
of these mutations in the database search in this study. We also
identified four RBD mutations that were more prevalent in bird
virus strains than in human virus strains and included them in
further studies as controls.

There were 18 multiple mutations that were only found in
human viruses, five multiple mutations with a higher prevalence
in human viruses than in bird viruses, and four multiple muta-
tions with a higher prevalence in bird viruses than in human vi-
ruses that were included in these studies as controls (see Table S2
in the supplemental material). To identify the residue(s) in these
multiple mutations responsible for viral human adaptation, we
also studied HAs with single and small (e.g., double) mutations
that were part of these larger mutations (Table S3). For example,
an H5N1 virus with the HA H125Y/D154N/N94D triple mutation
was isolated from a patient, but the H125Y single mutation and
H125Y/N94D double mutation were not detected in any virus
from patients in this study. Therefore, we generated and studied
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H5N1 HAs with the H125Y, H125Y/N94D, and H125Y/D154N/
N94D mutations.

In all, 59 single and multiple mutations were investigated in
this study (see Tables S2 and S3 in the supplemental material) to
determine the effects of H5 HA mutations on the viral phenotype,
using reverse genetics in the genetic background of A/duck/Egypt/
D1Br/2007 (EG/D1), which is one of the parental H5N1 clade
2.2.1 strains. Among these mutations, we previously reported that
the Q192H and 128A/I151T mutations increased the binding af-
finity of HA for 2,6 Sia (14).

Sia binding specificities of H5N1 viruses with HA mutations.
The acquisition of binding affinity for long «2,6 sialylglycans has
been reported to be important for Al virus adaptation to humans
(15). Therefore, we carried out direct binding assays using sialyl-
glycopolymers of different lengths to determine the effects of HA
mutations on viral «2,3 Sia and 2,6 Sia binding affinities. Glycans
with one, two, or three lactosamine (LN) repeats were used for the
a2,3 sialylglycopolymers (2,3 SLN1, 2,3 SLN2, and 2,3 SLN3,
respectively) and 2,6 sialylglycopolymers (2,6 SLN1, 2,6 SLN2,
and 2,6 SLN3, respectively). The glycans with SLN2 and SLN3 were
considered long sialylglycans. For this study, several virus strains
were used as control or reference viruses: A/Suita/64/2011 (Suita/
64), A/Suita/113/2011 (Suita/113), and A/Suita/114/2011 (Suita/
114), which are seasonal human H3N?2 strains; A/Japan/434/2003
(Japan/434; H3N2) and A/Puerto Rico/8/34 (PR8; HIN1), which
are laboratory human strains; and A/Duck/Hong Kong/820/80
(Duck/HK/820; H5N3), which is a classical Al virus strain.

The results of virus binding assays using a2,3 SLN1, a2,6 SLN1,
and 2,6 SLN2 are shown in Fig. S1 in the supplemental material.
All the human influenza viruses used as controls had binding af-
finities for 2,6 Sia. In particular, clinical H3N2 strains Suita/64,
Suita/113, and Suita/114 had strong binding to &2,6 SLN2. However,
laboratory strains Japan/434 (H3N2) and PR8 (H1N1) had higher
affinities than the clinical strains for both «2,3 SLN1 and
®2,6 SLNI. In contrast, the classical AI virus Duck/HK/820
(H5N3) and EG/D1 (wild type [wt]) had strong binding affinity
only for a2,3 SLN1. Most of the H5N1 human virus variants with
an HA head mutation(s) had increased binding affinity for
2,6 Sia. Some of the mutations (i.e., H125Y, N182K, S223N, and
N94D) resulted in an appreciable decrease in a2,3 Sia binding and
an increase in «2,6 Sia binding.

The apparent association constant (K,) was determined by
nonlinear regression curve fitting, and receptor binding specificity
was expressed as the K, for each sialylglycopolymer divided by that
for @2,3 SLN1 (14, 16). The results (Fig. 1A and B) indicated that
most mutations in the HA head region of human viruses increased
virus binding specificity for both «2,6 SLN1 and «2,6 SLN2 an
average of 14- and 20-fold, respectively, relative to the binding
specificities of EG/D1 (wt) virus for these sialylglycopolymers.
However, mutations in the HA head region of bird viruses pro-
duced minimal increases in binding specificity for a2,6 Sia, and
none of the mutations in the HA stalk region had a significant
effect on 2,6 Sia binding specificity. Increased binding specificity
for a2,6 SLN3, the longest «2,6 sialylglycan in this study, was only
observed in mutants with a few specific mutations that were only
found in human virus HAs (Fig. 1C).

However, the a2,6 Sia binding specificities of the virus variants
were lower than those of human influenza viruses, particularly the
seasonal influenza virus Suita strains (Fig. 1D to F). The binding
specificity differences between H5N1 human and bird viruses
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were greater for longer «2,6 sialylglycopolymers, i.e., the differ-
ence was least for a2,6 SLNI1, greater for a2,6 SLN2, and greatest
for a2,6 SLN3. In contrast, the binding specificity for long
a2,3 sialylglycopolymers was relatively constant among the H5N1
viruses. The average binding specificities of the virus variants for
a2,3 SLN2 and «2,3 SLN3 were 1.41- and 0.99-fold, respectively,
of those of EG/D1 (wt) virus (see Fig. S2 in the supplemental
material). These results indicated that most RBD mutations se-
lected by viral growth in patients increased the binding specificity
of H5N1 virus for long 2,6 sialylglycans.

Replication of H5N1 viruses in human airway epithelial cell
cultures. To investigate the effect(s) of H5 mutations on viral
replication in human cells, primary human small airway epithelial
(SAE) cells were infected with H5N1 viruses and seasonal human
viruses at a multiplicity of infection (MOI) of 0.1, and progeny
viral RNA production and viral cytopathogenicity were moni-
tored for 72 h postinfection.

In SAE cells, the growth of virus variants with HA mutations
that increased the binding specificity for a2,6 Sia was generally
higher than that of EG/D1 (wt) at 24 h postinfection (Fig. 2A).
However, the growth of the mutants was different at 48 and 72 h
postinfection (Fig. 2B and C). The H125Y, H125Y/N94D, A134V/
128A/1151T, N182K, N182K/T1951, N182K/T195I/N94D, S223N, and
S223N(I)/128A/1151T HA mutants produced, on average, 7.7-
and 9.7-fold more progeny virus RNA than did EG/D1 (wt) virus
at 48 and 72 h postinfection, respectively. In contrast, the V131M/
128A/1151T, A134S/128A/1151T, R140K/128A/1151T, K152Q/
128A/1151T, K152Q/D154N/128A/1151T, A184G/128A/1151T,
and A184G/D154N/128A/1151T/Q15H HA mutants produced,
on average, 4.0-fold more progeny virus RNA than did EG/D1
(wt) virus at 48 h postinfection and an amount similar to that
produced by EG/D1 (wt) virus (an average of 1.6-fold more prog-
eny virus RNA) at 72 h postinfection. However, H5N1 produced
significantly less progeny virus RNA (i.e., had significantly slower
growth) than seasonal human viruses (Fig. 2D to F), e.g., H5N1
EG/D1 (wt) produced approximately 100-fold less progeny virus
RNA than human viruses at 24 h postinfection (Fig. 2A and D).
However, mutants with increased progeny virus RNA production
at 24 and 48 h postinfection produced progeny viral RNA at levels
comparable to those of human viruses at 72 h postinfection
(Fig. 2C and F).

Infection of SAE cells with the HA mutant viruses produced
progeny virus titers that were several log greater than for infection
with EG/D1 (wt) (Fig. 3A), consistent with the effect of HA mu-
tations on progeny virus RNA production. Although the HA mu-
tations in this study produced less than 15-fold more progeny
virus RNA than EG/D1 (wt), the progeny virus titers of the HA
mutant viruses were several log (up to 103-fold) greater than that
of EG/D1 (wt). These results confirmed that the HA mutations in
this study had significant effects on H5N1 replication. The in-
creases in the growth kinetics of the mutant viruses correlated
with their increased cytopathogenicity in SAE cells (Fig. 3B).

These results suggested that the H5SN1 mutations selected dur-
ing viral infection of humans increased clade 2.2.1 virus replica-
tion in human airway epithelia. Interestingly, mutations that in-
creased 2,6 Sia specificity did not always increase viral replication
in human airway epithelial cells. Some mutant viruses with com-
parable levels of a:2,6 Sia specificity showed an increase in replica-
tion, and some showed a decrease in replication. These results
indicated that the binding specificity of HA for human-type re-
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FIG 3 Growth kinetics of EG/D1 (wt) and HA mutant viruses in primary human airway cells. Small airway epithelial (SAE) cells were infected with the indicated
viruses atan MOI of 0.1. (A) The culture supernatants were harvested at the indicated times and assayed for FFU to determine progeny infectious virus titers. Each
data point is the mean = SD from triplicate experiments. (B) Phase contrast microscopy of morphological changes in SAE cells infected by the indicated viruses
at an MOI of 0.1 and examined at the indicated times postinfection. Scale bar represents 250 wm.

ceptors was not the sole determinant of H5N1 growth kinetics in
human airway epithelia, prompting us to investigate other factors
that affect H5SN1 replication in the human airway. Therefore, we
investigated the membrane fusion function of HA.

pH threshold of HA activation for membrane fusion. To as-
sess the effect of HA mutations on low-pH-induced HA mem-
brane fusion activity, we examined the pHs at which the mem-
brane fusion activity of EG/D1 (wt) HA and variant virus HAs was
activated. The membrane fusion activity of EG/D1 (wt), A/Shang-
hai/1/2006 (Shanghai/l; clade 2.3.4), and A/crow/Kyoto/53/04
(Kyoto/53; clade 2.5) H5 HAs was induced when the pH was re-
duced to 5.6 (Fig. 4A and C), indicating that these HAs had a
typical H5N1 pH threshold for membrane fusion. Interestingly,
all the mutations that increased both 2,6 Sia binding specificity
and progeny virus production also raised the pH threshold for
membrane fusion to =5.7, i.e., to pH 5.7 for H125Y, H125Y/
T188I, and H125Y/D154N/T1881 mutants, pH 5.8 for A134V/
128A/I151T, S223N, and S223N(I)/128A/1151T mutants, and
pH 5.9 for N182K and N182K/T195I mutants. The results also
showed that these mutant HAs were less stable at higher pHs than
EG/D1 (wt) HA (see Fig. S3 in the supplemental material). How-
ever, HAs with mutations that increased «2,6 Sia binding speci-
ficity and decreased progeny virus production had pH thresholds
similar to the wild-type pH threshold for membrane fusion, e.g.,
pH 5.6 for the V131M/128A/I151T mutant. An exceptional reduc-
tion of the pH threshold for membrane fusion to 5.5 was observed
for strains with the L1901 mutation, which was more prevalent in
bird viruses than in human viruses.

6 mBio mbio.asm.org

HA expression and cleavage. To investigate the effects of mu-
tations on the expression and cleavage of the HA protein, 293T
cells were transfected with HA expression plasmids. At 24 h post-
transfection, HA proteins from cell lysates were analyzed by West-
ern blotting. Quantitative analysis showed that HA mutants with
higher pH thresholds for membrane fusion (e.g., the H125Y and
S223N mutants) had lower HA expression (Fig. 5). However,
there was no significant difference in the level of HA cleavage
among the HA mutants. These results indicated that the increased
pH threshold for membrane fusion of the variants in this study
was due to qualitative changes in HA as opposed to quantitative
changes, such as increased variant HA expression.

These results led us to question whether the HA variants
with efficient replication in the human airway were transmis-
sible viruses. Recent reports noted that HA stability is one of
the determinants for airborne transmission of influenza viruses
(17, 18). Therefore, we studied the effects of HA mutations on
HA stability.

Thermostability of H5N1 variants. The thermostability of HA
has been used as a surrogate measure of HA stability (19-21).
Therefore, samples containing 128 hemagglutinating units (HAU) of
EG/D1 and the HA mutants were incubated at 50°C or 54°C, and
hemagglutination inactivation was measured at a number of time
points. The HAU titers were plotted as a function of time (see
Fig. $4 in the supplemental material), and the time required to
reduce the titer of each virus to 8 HAU was calculated (Fig. 6A and
B). EG/D1 (wt) and contemporary Egyptian strains A/chicken/
Egypt/C1Tr13/2007 (EG/CT) and A/chicken/Egypt/RIMD12-3/
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FIG 4 pH threshold of HAs for membrane fusion activity. CV-1 cells were transfected with expression plasmids carrying EG/D1 (wt) or a mutant HA. At 24 h
posttransfection, cell-cell fusion was induced by treatment with fusion buffer with a pH of 5.2 to 6.0 and the pH threshold, the highest pH value at which HA
induced polykaryon formation, was monitored. (A) Effects of mutations at the surface of the HA1 trimer on the pH threshold. (B) Effects of mutations at the
interface and stalk region of the HA trimer. Mutations at the interface and stalk are shown in red and blue, respectively. Some data from panel A are included for
comparison. Colors on the x axis highlight the categories of HA mutations as indicated. (C) Representative fields of cells expressing the indicated HAs and
exposed to pH 5.6 to 5.9. Scale bar represents 250 wm. The green line marks the border of pH values for HA membrane fusion activity.

2008 (EG/12) had similar inactivation kinetics, indicating that the
thermostability of EG/D1 (wt
bility of clade 2.2.1 viruses. Interestingly, almost all of the HA
mutants with increased progeny virus production (i.e., the H125Y,
H125Y/T1881, H125Y/D154N/T188I, A134V/128A/1151T, N182K,
N182K/T1951, S223N, and S2231/128A/1151T mutants) were less
thermostable than EG/D1 (wt). These results indicated that HA mu-
tant viruses with increased progeny virus production in human epi-
thelia were less thermostable than EG/D1 (wt).

Effects of mutations outside the RBD on HA properties.
Studies to generate ferret-transmissible H5N1 viruses reported
that mutations at the HA interface and stalk regions enabled these
viruses to be efficiently transmitted via respiratory droplets (17,

) was consistent with the thermosta-

March/April 2015 Volume 6 Issue 2 e00081-15

18). Therefore, we evaluated the effects of mutations at the inter-
face and stalk regions on the properties of the HA mutants in this
study. The N94D mutation at the HA interface increased both HA
a2,6 Sia specificity and the pH threshold for membrane fusion
and decreased HA thermostability (Fig. 1, 4B, and 6C and D). In
addition, the two substitutions in the H125Y/N94D double mu-
tant acted cooperatively in both increasing the pH threshold for
membrane fusion and decreasing HA thermostability. The
N182K/T1951/N94D and Q192H/N94D mutations also reduced
HA thermostability in an additive manner. However, mutations
in the stalk region had minimal effects on these HA properties.
None of these mutations acted cooperatively to increase HA sta-
bility. These results indicated that the mutations in the HA inter-
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FIG 5 Expression and cleavage of wild-type and mutant HA proteins in 293T cells. 293T cells were transfected with Flag-tagged HA expression plasmids. At24 h
posttransfection, cells were harvested and analyzed by Western blotting using anti-Flag antibody. (A) After quantitation of the band intensities by using Image]J
software, the amounts of expression and cleavage for each HA were calculated relative to those for EG/D1 (wt). Each data point is the mean = SD from three
independent experiments. Colors on the x axis highlight the categories of HA mutations as indicated. **, P < 0.01;*, P < 0.05 (Student’s t test). (B) Representative

results of Western blotting for EG/D1 and the indicated HA mutants are shown.

face regions in this study, selected by viral replication in humans,
decreased HA thermostability.

Properties of HA that promoted viral replication in the hu-
man airway. We next investigated the relationship between HA
properties and viral replication in human airway cells. Scatter
plots showed that, among the multiple HA mutations that in-
creased 2,6 Sia specificity, some of the mutations that increased
the pH threshold for membrane fusion also increased viral repli-
cation in human airway cells (Fig. 7A and B, green circles). In
addition, an increase in the pH threshold for membrane fusion
was strongly correlated with a decrease in HA thermostability
(R = —0.77) and an increase in viral replication in human cells
(R = 0.79) (Fig. 7C and D). Taken together, these results sug-
gested that, among virus variants selected during human infec-
tion, variants with increases in both a2,6 Sia specificity and pH
threshold for membrane fusion also had increased replication in
human airway epithelia.

8 mBio mbio.asm.org

Effect of mutations on viral replication in mice in vivo. To
assess the relevance of the in vitro results of this study to in vivo
infections, BALB/c mice were inoculated intranasally with differ-
ent dilutions of selected virus mutants. Mice infected with EG/D1
(wt) showed no clinical effects during the 14-day observation pe-
riod. In contrast, mice inoculated with 3 X 10* focus-forming
units (FFU) of any of the mutants showed considerable weight loss
(Fig. 8A). In addition, several mice infected with 3 X 10° FFU of
the H125Y/N94D, S223N, or S2231/128A/1151T mutant died.
The mutants were substantially more lethal than wild-type vi-
rus: the 50% mouse lethal doses (MLDs,) were 1.2 X 10* FFU for
the H125Y and N182K/T1951/N94D mutants, 4.4 X 103 FFU for
the H125Y/N94D mutant, 2.0 X 10° FFU for the S223N mutant,
and 7.1 X 10° FFU for the $2231/128A/1151T mutant (see Fig. S5
in the supplemental material), as much as 60 times less than the
MLD;, of 1.2 X 10> FFU for EG/D1 (wt). Consistent with this
result, the viral yield in lungs of mice infected with 3 X 10* FFU of
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FIG 6 Effects of HA mutations on HA thermostability. A sample containing 128 HAU of each virus was incubated at 50°C (A and C) or 54°C (B and D).
Hemagglutination titers of the heat-treated samples were determined as a function of time by hemagglutination assays. The time required for the hemaggluti-
nation activity of each virus to decrease to 8 HAU was calculated by fitting the thermostability data with the Boltzmann equation (see Fig. $4 in the supplemental
material). (A and B) Effects on thermostability of mutations on the surface of HA1 trimers. (C and D) Effects on thermostability of mutations at the interface and
stalk region of HA trimers. Mutations at the interface and stalk are shown in red and blue, respectively. Each data point is the mean * SD from three experiments,
which were each performed in triplicate. Colors on the y axis highlight the categories of HA mutations as indicated. Some data in the upper panels (A and B) are
included in the lower panels (C and D) for comparison. *, P < 0.01 (Student’s ¢ test).
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versus HA thermostability (C) and viral replication (D) (y axis) with a linear fit
of the data. The HA thermostability measure is the time required for viral
hemagglutination activity to decrease from 128 to 8 HAU at 50°C.

the variants was >10-fold higher at 3 days postinfection and
>720-fold higher at 6 days postinfection than with EG/D1 (wt)
(Fig. 8C). These results indicated that mutations that enhanced
viral replication in human airway epithelial cells also increased
viral replication in mice in vivo.

Effect of mutations on structural changes in EG/D1 HA. To
investigate the structural basis for the changes in the functional
properties of HA in mutant viruses, we generated a structural
model of EG/D1 HA. In this model, most of the mutations that
increased a2,6 Sia specificity clustered around the RBD, implying
a direct role for these mutations in modifying the interaction be-
tween the host cell sialylglycan receptor and the viral RBD (see
Fig. S6A and B in the supplemental material). The N94D muta-
tion, which was located at the 110 helix structure in the vestigial
esterase subdomain of the RBD and at the interface of trimeric
HA, was an exception. N94D enabled the formation of an internal
hydrogen bond between the Asp amino group at residue 94 and
the Glu carboxy group at residue 227 (Fig. S6C). The distance
between N94 of one HA monomer and T204 of another mono-
mer, which was the closest residue to N94, was 6.20 A, and the
distance between D94 and T204 was 4.35 A. The shorter distance
with the N94D mutation should permit the formation of a repul-
sive electronic interaction between the oxygen atoms of the two
residues. Therefore, the N94D mutation may affect the contact
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between two HA monomers, modifying the thermostability of HA
trimers and the HA pH threshold for membrane fusion activity.

DISCUSSION

Repeated bird-to-human transmission may generate H5N1 vari-
ants that have greater fitness for human infections than wild-type
H5N1 viruses (22). In a study of ferret-transmissible H5N1 vi-
ruses, a small number of HA mutations enabled the viruses to be
efficiently transmitted via airborne droplets (21, 23). These results
suggested that human-transmissible H5N1 viruses could emerge
by acquiring HA mutations, although these viruses would also
require other adaptations for human infections, e.g., in polymer-
ase genes, such as PB2-627K (24). However, thus far, information
on HA mutations that might be selected in humans has been lim-
ited (25). In this study, we investigated human adaptation of HA
variants that were selected in H5N1-infected patients and charac-
terized the variants that replicated more efficiently in primary
human airway cultures and in mouse lungs. To our knowledge,
this is the first report to systematically evaluate the effects of HA
mutations selected in H5N1-infected patients on Al virus adapta-
tion to infect humans. However, we also wish to emphasize that, in
this study, we characterized HA mutations that enabled H5N1
viruses to adapt to replication in the human airway microenviron-
ment but not HA mutations that enhanced viral airborne trans-
mission in humans, because influenza virus airborne transmission
in mammals is thought to be largely due to viral growth in the
upper respiratory tract, not in the lungs.

Fitness for binding long «:2,6 sialylglycans has been reported to
be crucial for the adaptation and pandemic spread of Al viruses in
humans (15). Mutations that only increased the binding specific-
ity for long a2,6 sialylglycans were not found in this study. Almost
all of the virus variants with mutations found in this study had
increased binding specificity for both short and long 2,6 sialylg-
lycans (Fig. 1). This was consistent with the location of these mu-
tations, adjacent to the RBD (see Fig. S6 in the supplemental ma-
terial). Human airway epithelial cells express substantial amounts
of both short and long «2,6 sialylglycans (26). Therefore, H5N1
viruses may acquire HA mutations that enable binding to both
types of sialylglycans to effectively increase their binding affinity
for human airway epithelia. Indeed, in this study, mutant H5N1
viruses with binding specificity for both «2,6 SLN1 and «2,6 SLN2
replicated efficiently in human airway epithelial cells (Fig. 2 and
3). Moreover, the clinical H3N2 strains in this study also had
binding affinity for both short and long 2,6 sialylglycans (Fig. 1).

Cell type-dependent endosomal pH is important for influenza
virus infection (27, 28). Therefore, mutations during host adap-
tation may enable influenza viruses to optimize the pH threshold
of their HA membrane fusion activity. In this study, some HA
mutations in viruses isolated from patients had an increased pH
threshold for membrane fusion, from 5.6 up to 5.9 (Fig. 4). Inter-
estingly, viruses with an increased HA pH threshold also had in-
creased human-type receptor specificity (Fig. 7A, green circles).
This concurrence between increased HA «2,6 Sia binding speci-
ficity and increased HA pH threshold for membrane fusion was
also observed during host adaptation in the ferret transmission
studies (18, 21), with the pH thresholds shifting from 5.6 to 5.8.
Recent reports suggested that differences in HA membrane fusion
activity among Al virus subtypes might influence their infectivity
(29, 30). These results suggested that low endosomal pH levels in
human respiratory epithelia may limit infections even by HPAIV
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FIG 8 Effects of HA mutations on mortality and weight loss of mice. Five-week-old BALB/c mice (5 mice per group) were inoculated intranasally with serial
10-fold dilutions of the indicated viruses. (A) Body weight of mice infected with 3 X 104 FFU (left) or 3 X 10° FFU (right) viruses was monitored for 14 days
postinfection. The mean percent body weight change = SD for each group of mice is shown. (B) Survival of mice infected with 3 X 10* FFU viruses. Calculation
of mortality includes mice that were sacrificed because they had lost more than 30% of their body weight. (C) Virus titers in lungs of mice infected with 3 X 104
FFU viruses at 3 days (left) and 6 days (right) postinfection. Each symbol indicates the value for an individual mouse. *, P < 0.01.

H5N1 viruses that have HA pH thresholds for membrane fusion
that are generally higher than those of classical Al viruses (9). To
more effectively increase replication in human respiratory epithe-
lia, H5N1 variants may acquire HA mutations that produce an
increase in both «2,6 Sia binding specificity and the HA pH
threshold for optimal membrane fusion. However, too much of
an increase in the HA pH threshold may result in greater loss of
viral infectivity, because the human upper airway mucosa pH is
slightly acidic (31). Interestingly, similar changes in HA properties
have been identified during human seasonal influenza virus adap-
tation to infect mice, in which HA mutations change the Sia bind-
ing specificity and elevate the optimal HA pH fusion threshold
from a median pH of 5.2 to 5.6 to enable the adapted variants to
increase both virulence and replication in the mouse lung (32—
34). These results imply analogous HA functional changes during
influenza virus adaptation to different hosts.

In this study, HA mutants with decreased thermostability also
had increased pH thresholds for membrane fusion (from pH 5.6
up to 5.9) (Fig. 7C). This result was in agreement with previous
reports showing an inverse correlation between the influenza vi-
rus HA pH threshold for membrane fusion and its thermostability
(19, 20). The decrease in HA expression in the HA mutants in this
study (Fig. 5) was probably related to the decrease in HA thermo-
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stability. Therefore, most HA mutants with efficient replication in
human cells had both increased «2,6 Sia binding specificity and
decreased thermostability. Decreased HA stability should not be
advantageous for the persistence of viral infectivity in the field,
which may explain the observation that HA mutations conferring
decreased thermostability have not been detected in viruses from
birds (Table 1). In contrast, mutations that increased both
a2,6 Sia binding specificity and HA thermostability were not fre-
quently detected in viruses from patients. In addition, these
mutations (e.g., R140K/128A/I151T and K152Q/D154N/128A/
I151T) did not contribute to efficient viral replication in human
airway cells (Fig. 2). A previous study reported that the A/Viet-
nam/1203/2004 (clade 1) variant with increased HA stability (the
pH threshold for fusion decreased from 5.6 to 5.3) had reduced
replication activity in primary human bronchial epithelial cells,
and a similar result was observed in Vero, MDCK, and A549 cells,
although the results were not as conclusive in these cell lines (35).
Several studies showed slight differences in the growth of variants
with altered HA pH thresholds for fusion in cultured cells or ani-
mals (28, 35-37). This difference may be due to the genetic back-
ground of the viruses, each with an HA with a distinct pH thresh-
old for fusion, and the analytical conditions used.

Taken together, our findings suggested that there was selective
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pressure on H5N1 viruses in infected human respiratory epithelia,
primarily to increase viral «2,6 Sia binding specificity and some-
times to change both the HA pH threshold for membrane fusion
and the HA thermostability. Moreover, variants with both an in-
crease in 2,6 Sia binding specificity and an increase in the HA pH
threshold for membrane fusion to pH 5.8 to 5.9 replicated more
efficiently in human airway cells. However, HA mutants selected
during viral replication in patients are likely to lose HA stability,
apparently to compensate for the increases in «2,6 Sia binding
specificity and in the pH threshold for membrane fusion, both of
which are advantageous for viral replication in human airway ep-
ithelia.

Some mutations that increase the 2,6 Sia binding specificity
of EG/D1 HA have been reported to also increase the human-type
receptor preferences of other H5N1 clades (21, 38—41). However,
this study is the first report on the effect of the N94D mutation on
HA properties. In two studies of ferret-transmissible H5SN1 vi-
ruses (17, 18, 21, 42), both T318I, adjacent to the HA fusion do-
main, and H110Y, at the HA interface region, were independently
selected and stabilized HA, enabling efficient transmission of the
viruses between ferrets. Although the N94D mutation is located
close to HA residue 110 (see Fig. S6 in the supplemental material),
it reduced HA stability. Therefore, the effect of the N94D muta-
tion on HA stability in this study was opposite that of the T318I
and H110Y mutations in the ferret study. In the structural model
generated in this study, the N94D mutation permitted the forma-
tion of both an internal hydrogen bond with E227 within the same
monomer and a repulsive electronic interaction with T204 in a
different monomer in trimeric HA. This suggested that N94D
both strengthened the interaction within one HA monomer and
weakened the interaction between two different monomers in tri-
meric HA, thereby destabilizing trimeric HA.

Recently, four structural features were identified for switching
the H5 HA binding specificity from bird to human receptors and
making H5N1 viruses more similar to human-transmissible vi-
ruses (11). A clade 2.2.1 sublineage virus has already acquired
mutations for two of these features: deletion of the HA 130 loop of
the RBD and loss of the 158 glycosylation sequence (10, 14, 24, 43)
on the globular head. This indicates that mutations that change
the primary structure of HA in the 130 loop, 220 loop, and 190
helix of the RBD may produce a sublineage virus with all the key
features for switching host receptor specificity. We noted that the
H5N1 variants from patients in Egypt in this study had changed
their HA RBD primary structure, although this change may not
have been sufficient for human adaptation because the human
receptor binding specificity of these viruses was less than that of
seasonal human viruses (Fig. 1). Therefore, H5N1 viruses in Egypt
have a substantially higher pandemic potential than animal influ-
enza viruses in other geographic areas.

The stability of HA has been proposed to be correlated with the
environmental stability and airborne transmissibility of influenza
viruses (17, 24, 44). In the ferret passage studies, additional mu-
tations that stabilized HA were required for droplet transmission
of H5N1 viruses among ferrets (17, 18). However, our data sug-
gested that such mutations that stabilize HA have still not been
detected in Egyptian patients and that the decrease in HA stability
was a compensatory mechanism for the increase in viral replica-
tion in human airway epithelia, implying different mechanisms
for H5N1 transmissibility and infectivity in humans. Herfst et al.
(42) found that the majority of ferrets infected with the transmis-
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sible H5N1 virus in their study survived. This suggested that
H5N1 transmission in ferrets was accompanied by a loss of viru-
lence (42, 44). However, the emergence of H5N1 variants with
increased replicative efficiency may correlate with the severity of
viral pathogenicity in infected individuals. Our data suggest that
the emergence of variants with increased fitness for infecting the
human airway environment might be a novel mechanism for in-
creased pathogenicity in H5NI1 infections. However, metag-
enomic analysis using archived RNA samples in the ferret trans-
mission study (21) suggested that even minor variants with
favorable HA mutations in infected individuals could be the
source of airborne virus transmission (45). Our database search
identified the major HA variants in viruses isolated from patients
but did not consider minor variants that may have emerged. Fu-
ture metagenomic approaches to quantify the variations in clinical
virus isolates selected in H5N1-infected patients should provide
an in-depth picture of the genetic diversity of human H5N1 vi-
ruses. Since this study was designed to investigate the fitness of
H5N1 viruses in patients, the transmissibility of the variants iden-
tified in this study needs further careful study using ferret and/or
guinea pig models under appropriate biosafety conditions.

In conclusion, our findings suggested that H5N1 viruses, at
least clade 2.2.1 viruses, can rapidly adapt to the human respira-
tory tract microenvironment by mutations that alter the balance
of HA properties in H5N1-infected patients. These data begin to
clarify the picture of the mechanisms of H5N1 adaption for hu-
man infections.

MATERIALS AND METHODS

Ethics statement and biosecurity. All studies using anonymized primary
human cells were conducted under the applicable laws and approved by
the Institutional Review Board of Osaka University (approval number
21-3). All animal studies were conducted under the applicable laws and
guidelines for the care and use of laboratory animals and approved by the
Animal Experiment Committee of the Research Institute for Microbial
Diseases, Osaka University (approval number H24-07-1). All studies with
recombinant DNAs were conducted under the applicable laws and ap-
proved by the Biological Safety Committee of the Research Institute for
Microbial Diseases, Osaka University, All experiments with live H5N1
viruses were performed under biosafety level 3+ (BSL 3+) conditions at
Osaka University (approval number 3439).

Database search. The published sequences of 437 HA genes from in-
fluenza A virus subtype H5N1 strains that were isolated in Egypt from
2006 to 2010 were obtained from the NCBI IVR (http://www.ncbi.nlm.
nih.gov/genomes/FLU/FLU.html). These sequences were aligned by us-
ing the MAFFT program (46). HA mutations in the 94 human and 343
bird H5N1 virus strains were identified by comparing the HA sequences in
these strains to a consensus HA sequence that was determined from the
aligned sequences of all the Egyptian H5N1 HA sequences. The preva-
lences of the mutations in human and bird virus strains were then calcu-
lated and compared among the viruses isolated from the two hosts.

Cells. Chicken embryo fibroblasts (CEFs) were prepared from 10-day-
old embryonated eggs. Human embryonic kidney 293T cells and Madin-
Darby canine kidney (MDCK) cells were maintained in Dulbecco’s mod-
ified Eagle’s medium (DMEM) supplemented with 10% heat-inactivated
fetal calf serum (FCS) at 37°C in a humidified atmosphere of 95% air and
5% CO, as previously described (47). Monkey kidney CV-1 cells were
maintained in MEM supplemented with 5% heat-inactivated FCS. Pri-
mary SAE cells (Lonza Corporation) were maintained according to the
manufacturer’s recommendations.

Virus preparation. Avian and human influenza viruses were grown in
10-day-old embryonated chicken eggs and MDCK cells, respectively. The
allantoic fluids and culture supernatants were then harvested and stored
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as seed viruses at —80°C. For subsequent studies, allantoic fluids and
culture supernatants were purified by ultracentrifugation as described in
Text S1 in the supplemental material. Viral titers were assayed as focus-
forming units (FFU) by focus-forming assays (14) using MDCK cells.

Generation of viruses by reverse genetics. Recombinant viruses were
generated with a plasmid-based reverse genetics system in the EG/D1 (wt)
virus genetic background as previously described (14). Mutant HA genes
were generated by PCR-based site-directed mutagenesis. All constructs
were completely sequenced to ensure the absence of unwanted mutations.
Recombinant viruses were propagated by single passage in eggs. The HA
genes of the virus stocks were sequenced to detect the possible emergence
of revertants during amplification.

Hemagglutination assays. Stocks of avian and human influenza vi-
ruses were serially diluted with phosphate-buffered saline (PBS) and
mixed with 0.5% turkey red blood cells (Nippon Biotest) and 0.75%
guinea pig red blood cells (Nippon Biotest), respectively. Hemagglutina-
tion by avian and human influenza viruses was observed after incubation
at room temperature for 30 min and 1 h, respectively, to determine the
titers of hemagglutinating units (HAU). To correct for differences in HAU
because of different blood lots, a reference virus sample was used, and the
HAU of each virus sample was calculated relative to the reference EG/D1
HAU titer.

Receptor specificity assays. Receptor binding specificity was analyzed
by a solid-phase direct binding assay as described in Text S1 (Materials
and Methods) in the supplemental material, using sialylglycopolymers
with different numbers of LN (GalB1,4GlcNAc) repeats (48). 2,3 SLN
and 2,6 SLN denote Neu5Aca2-3 and Neu5Aca2-6, respectively, linked
to LN.

Viral growth kinetics in primary human cells. Primary human air-
way epithelial cells were infected in triplicate with viruses at an MOI of 0.1.
After 1 h at 37°C, the virus inoculum was removed, and the cells were
washed with PBS, followed by further incubation at 37°C. Acetylated tryp-
sin (0.5 ug/ml) was also added to the cell cultures for propagation of
human viruses. At the times postinfection indicated in Fig. 2 and 3, viral
titers in the cell culture supernatants were assayed by quantitative real-
time RT-PCR and focus-forming assays.

Quantitative real-time RT-PCR. Progeny virus RNA was extracted
from the culture medium of infected cells with a QIAamp viral RNA
minikit (Qiagen) and assayed by quantitative real-time reverse transcrip-
tion (RT)-PCR (QuantiTect probe RT-PCR kit, Qiagen), using primers
targeting the M gene as previously described (49).

Cell fusion assays. CV-1 cells (90% confluent in 24-well plates) were
transfected with HA expression plasmids using Lipofectamine LTX (In-
vitrogen) according to the manufacturer’s recommendations. At 24 h
posttransfection, the culture medium was replaced with PBS fusion buffer
(PBS containing 1 mM CaCl, and 0.5 mM MgCl,) at pH 5.2, 5.3, 5.4, 5.5,
5.6, 5.7, 5.8, 5.9, or 6.0 and incubated for 3 min. The cells were then
washed once with PBS fusion buffer (pH 7.0) and returned to DMEM—
F-12 (Invitrogen). After 3 h of incubation at 37°C, the cells were fixed with
4% buffered paraformaldehyde and stained with Giemsa stain solution.
The pH threshold was the highest pH value at which polykaryon forma-
tion was observed.

Thermostability. Viruses (128 HAU in PBS) were incubated for the
times indicated in Fig. S4 at 50°C or 54°C. Hemagglutination activity then
was determined by hemagglutination assays. Thermostability data were
plotted against the incubation time at 50°C or 54°C and analyzed using
Origin 9.1 Data Analysis and Graphing Software (OriginLab). The data
were fitted with the sigmoidal Boltzmann equation, and the decay times at
which virus activity was reduced to 8 HAU were calculated.

Experimental infection of mice. To determine the 50% mouse lethal
dose (MLDy,), 5-week-old female BALB/c mice (Japan SLC), under iso-
flurane anesthesia, were inoculated intranasally with 75-ul samples of
serial 10-fold dilutions of virus in PBS. The mice were observed daily for
14 days for weight loss and mortality. From these data, MLD,, values were
calculated by the Reed-Muench method and expressed as the FFU re-
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quired for 1 MLDgj,. At 3 and 6 days after inoculation with 3 X 10* FFU,
virus titers in lungs were assayed as FFU in MDCK cells.
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